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With several dozen high-resolution structures of various myosin motor domains available, there
remains a problem of identifying their relevance to intermediates in the ATPase cycle. In this issue
of Structure, Yang et al. (2007) add to the discussion in the light of new molluscan myosin structures.When the first high-resolution struc-
ture of a myosin motor domain (M)
was revealed to the community by
Rayment et al. (1993b), two features
made an immediate impression: the
long C-terminal a helix which forms
the light-chain binding region and a
large water-filled cleft which separates
the upper and lower 50 kDa subdo-
mains (Figure 1). The entrance to the
cleft makes up the actin-binding site,
and Rayment et al. (1993a) suggested
that the cleft might close to make bet-
ter contact with actin. During the fol-
lowing 10 years, many more myosin
motor domain structures from various
sources were solved, but all had an
open cleft (at least in the outer region
near the actin-binding site). Generally,
these structures could be divided into
two distinct classes featuring theC ter-
minus of the motor domain pointing
either in the ‘‘up’’ or ‘‘down’’ position
(Geeves and Holmes, 2005). The ‘‘up’’
position was favored by complexes
formed with nucleotide analogs with
the equivalent of a hydrolyzed but
bound g-inorganic phosphate group
that could interact with switch II (Fig-
ure 1), while the ‘‘down’’ position oc-
curred with an empty site or bound
ADP or ATP analogs that formed a
weak interaction with switch II. Ana-
logs such as ADP.BeFx could induce
either state depending on the precise
crystallization conditions. It was sur-
mised that the light-chain binding re-
gion would act as a lever arm to
amplify the small changes within the
motor domain, initiated by movement
of the switch II region toward the g-
phosphate. This movement caused
closure of the cleft in the inner region
by about 4 A˚. Switch II is attached to
the relay helix that rocks about a phe-
nylalanine pivot and then kinks to carrythe converter domain with it, thus
throwing the lever arm though an angle
of about 70 (Fischer et al., 2005).
It was argued that actin binding to
M.ADP.Pi would catalyze the release
of products and the return of the lever
arm to the down position, thus consti-
tuting the power stroke. The ‘‘up’’ state
was therefore also termed the ‘‘pre-
power stroke’’ state. One structure (the
so-called internally uncoupled state)
that did not fit into this classification
was a bay scallop myosin-ADP state
in which the thiol (SH)-helix in the con-
verter domain was disordered and the
lever arm moved in a further down-
wards direction (Houdusse et al.,
1999).
Characterizing the actin-bound
states of the myosin motor domain is
much harder, both structurally and ki-
netically, because of the difficulty of
growing crystals of an asymmetric
complex and because the ATPase in-
termediates are short-lived in solution.
The nucleotide-free actomyosin com-
plex has been modeled by fitting crys-
tal structures of the two proteins into
an envelope, defined by electron mi-
croscopy of decorated actin filaments
(Holmes et al., 2003). In 2003, the my-
osin V motor domain was crystallized
in its apo state and revealed a closed
cleft (i.e., in a configuration ready to
form a high-affinity interaction with ac-
tin [Coureux et al., 2003]). This finding
was rationalized in terms of its role as
a processive motor and the need for
the double-headed myosin V to main-
tain a strong interaction with actin
throughout the cycle. Yang et al.
(2007) now present structures for sev-
eral molluscan muscle myosin motor
domains (squid retractor muscle and
sea scallop striated and catch mus-
cles), which also have closed or par-Structure 15, May 2007 ª2tially closed clefts, and thus challenge
the idea that the former is a specific
property of processive myosins. They
also consider how the available struc-
tures might fit together in the cross-
bridge cycle and propose some ideas
different than those recently reviewed
by Geeves and Holmes (2005).
A crucial observation in the apo my-
osin V (1oe9) structure (Coureux et al.,
2003), and myosin II species with a
closed cleft (Yang et al., 2007), is that
the switch I region is pulled away from
the P loop in the nucleotide-binding
site. This observation led to the sug-
gestion that the upper 50 kDa subdo-
main moves as a rigid body to account
for the antagonistic effects of actin
and nucleotide binding (Holmes et al.,
2003). ATP forms a strong interaction
with switch I, which favors an open
cleft (hence weak actin binding), while
strong actin binding requires closure
of the cleft and opening of switch I,
favoring Pi and ADP release. Initially,
it was surmised that following actin
binding and Pi release, switch II would
move back to its open position and
thus allow the lever arm to return
from the ‘‘up’’ to the ‘‘down’’ position.
However, later this idea was modified
when it was considered that closure
of the cleft twists a seven-stranded
b sheet that runs from the N-terminal
domain through to the upper 50 kDa
domain (the so-called transducer;
Figure 1). This movement displaces
the phenylalanine pivot at the end of
strand 3, so allowing the relay helix to
unkink and the lever arm to return to
the down position without concomi-
tant movement of switch II (Holmes
et al., 2004; Geeves and Holmes,
2005). While there is evidence from so-
lution studies to support the coupling
between actin binding and switch I007 Elsevier Ltd All rights reserved 511
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PreviewsFigure 1. A Schematic Diagram of the Myosin Motor Domain
This schematic is a highly distorted representation (a ‘‘road kill’’ model) of the motor domain. Sub-
domains are colored as follows: green, N-terminal subdomain; red, upper 50 kDa subdomain;
pink, lower 50 kDa subdomain; blue, 20 kDa C-terminal subdomain which leads into the rod region
of the intact myosin II molecule. The light chains bind to the lever arm region and are omitted for
simplicity. Note that the polypeptide chain briefly extends from the lower 50 kDa domain back into
the upper 50 kDa domain via the strut and that the 20 kDa C-terminal subdomain threads into and
out of the N-terminal subdomain to contribute strand 3 of the transducer b sheet. For these rea-
sons, the subdomains are not independently folded regions, but merely convenient labels. They
were initially identified under denaturing conditions following proteolysis of the loops.movement (Kintses et al., 2007), the
coupling does not appear rigid and
the details of the transducer twist
have yet to be explored.
What are the consequences of hav-
ing a closed cleft in the apo myosin
state? Binding to actin could be faster
and diffusion-limited compared with
myosins with an open cleft, which
would need at least two-step docking.
Absolute values for the actin-binding
rate constants also depend on other
factors such as the local charge at
the interface (e.g., from loop 2), and
therefore these values are not diag-
nostic when comparing different spe-
cies. However, the relative insensitivity
of binding to temperature provides
some evidence of a diffusive element
in the interaction. Yang et al. (2007)
show there is a correlation between
the enthalpy of the binding reaction
and the extent of closure of the outer
cleft for myosin V (closed), the new512 Structure 15, May 2007 ª2007 Elsevimolluscan structures, and rabbit skel-
etal myosin (open). Actin binding to the
apo state is not a significant route in
the crossbridge cycle, although the re-
action indicates the contribution to the
energetics of actin binding by myosin-
nucleotide states in which the cleft is
predominantly open. Yang et al. (2007)
discuss further interactions in the strut
region that might stabilize the closed
cleft in myosin V and the open cleft in
myosin II and hence contribute to the
potentially higher actin affinity with
processive myosins.
Cohen and coworkers speculate on
the energetics of the ATPase cycle
based on this structural information
(Yang et al., 2007). In their model, ATP
binding induces switch II movement
that is further stabilized by the hydroly-
sis reaction. During this process the
transducer untwists and the relay helix
kinks, both requiring an input of en-
ergy. They consider that the internallyer Ltd All rights reserveduncoupled statemay transiently disen-
gage the converter, separating the
untwisting and kinking reactions, and
reducing the overall activation energy
of the process. To test whether the in-
ternally uncoupled state is an in-line
or off-line intermediate, spectroscopic
probes are required that monitor the
thiol helix conformation without per-
turbing it. Alternatively, the energetics
could be computed from a full molecu-
lar mechanical analysis. Either route is
challenging.
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